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ABSTRACT

The effects of transverse stress on the magnetization
of 3NiCr steel were derived and observed in terms of
= three separate contributions. First, the previously
. determined stress-effective field was examined for
transverse stress, and agreed with the results obtained
in past experiments. A reversal of the effects of tension
and compression was predicted and observed.
Second, the stress-sensitive reluctance was found
L to behave linear1y~with tensile strain. The experiment-
ally observed slope of 1.552.05 correlated with the
derived value of 1.60+£.06. A lower limit to the
. reluctance was seen in compression.
The third effect was the fractional populations of - y
stress-active domain walls. This is a newly postulated
. effect which accounts for large-scale changes in
| domain structure due to the application of external
stress. The fractional populations of field-enhancing

domain walls was observed to be equal to that od filed-

-~
N reducing walls. Furthermore, the total population of
- stress-active walls was found to be a function of applied
stress. Accession Por
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SECTION I - THEORY

The magnetization of ferromagnetic materials is
affected both by the application of an external magnetic
field, and by stress applied to the material. Stress
effects on magnetization were first examined in the
early 1800's by Mateucci, Villari and others. Since
those first experimental studies, there have been many
contributions to a better understanding of the stress
dependence of magnetization. It is the purpose of this
study to determine stress effects on the magnetic
behaviour of U.S. Navy shipbuilding steels. The sample
used in this research was fabricated of 3NiCr steel,
which is the material used in the construction of some
Navy ships. The sample was subjected to external fields
well beyond the coercive field, and stress well beyond
the residual stress of the material, in both tension
and compression. In all instances, the stress was applied
perpendicular (transverse) to the external field.

Magnetization in materials takes place by the
alignment of electron spins. The total magnetization
is due to the additive effect of these spins. There is

an exchange

------------------
............................................
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&& energy between the electrons in a material such that they
kl tend to align themselves along an easy axis in the crystal
lattice., TFor the 3NiCr sample used, the easy axis is the
"€<100> axis, It is easy to saturate the material along one 1
of these directions, and it is much more difficult to nag-
g’ netize the material in any other direction, This »referred
orientation of magnetization is due to the anisotrony
energy of the material, In a single crystal, this energy

is extremely significant,

PPN NI S CA L Y

It is clear that all electron spins in a given sanple
&; of ferromagnetic material are not aligned parallel to each
other, The net magnetization of most materials is close
! to zero, which would not be the case if the material were
saturated in a single direction, i

To account for the net zero magnetization, Pierre

A2 6BAZE

Weiss introduced the concept of domains: a domain is a
small region in the material which is magnetized to satur-
ation in a given direction, There are very many donmains
that constitute the entire material, each saturated in a

different direction, so that the net magnetization over

L W VA ]

the whole material averages close to zero, Tnis concept

has been verified, and domains have been observed directly,
Domains are formed inside a material due to the re- \

duction of magnetostatic energy. Dy the opposition of two

magnetic domains, each saturated in opvosite directions,

the energy is greatly reduced from the case of a single j

domain,
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A A%
Single Domain . Opposed Domains
Greater ilagnetostatic Energy Reduced lMagnetostatic Energy

The continued reduction of magnetostatic energy would
drive the material to divide infinitely, The equalizing
factor is the fact that it requires energy to foram a do-
main wall between two domains, Domain subdivision stops
when the total energy is a minimun,

Taking domains into consideration, there are two ways
in which the net magnetization in a material may be changed.
The first method is through the movement of domain walls,

By increasing the volume of domains saturated in a parti-
cular direction(while simultaneously decreasing the volume
of those saturated in other directions), a net magnetiza-
tion can rebﬁlt. This mechanism is referred to as domain
wall translation, The second way that magnetization can
take place 1s through rotation., This occurs when the
direction of magnetization within a domain is altered fron
its easy axis, These two processes are illustrated in
Figure 2,

FIGURE 2
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T ‘ Vhen a magnetizing force is applied to the material, both

of these effects occur simultaneously, However for low
fields, the wall translation effect dominates, whereas the
rotation effect dominates for higher fields, well above the
coercive field,

Zach of the domains in a material has with it an
associated energy., In a more complete analysis, the energy

within a domain is:

—

: 2
1) B = %sina(ae,,‘) + -gz\gsina(e,“) - Hif4cos(@y,) + Huhicos(@,)

In the first term, the anisotropy energy, k is the
anisotropy constant for the material, and @ is the angle
between the easy_axis(<100>) and the magnetization, The
second tern of the equation is the magnetoelastic energy
where A, is the saturation magnetostriction, & the applied
stress, and @.e the angle between the direction of aprlied
str2ss and the direction of magnetization, The third term
is the magnetostatic term, In this ternm I is the applied
field, iiy is the saturation magnetization, qb=4nx1o'7 ?/Aa,
and @ 15 the angle between field and magnetization, The
fourth term is the demagnetization energy where D is the
demagnetization constant for the sample( a factor waich
depends on the shape of the sample), and @y is the angle
between the demagnetization and the magnetization,

It is advantageous at this time to consider one of

the terms of the domain energy cquation, This term is
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the anisotropy energy. This energy is associated with the
rotation of the magnetization within a domair of the nat=-
erial, If the energy is minimized for the anisotropy
energy and the field energy, one finds that the rotation=-
related field is:

2) Hk:?%ﬁ

- For our material, the anisotropy constant k is 4300 J/mE.

N This results in a related field H, = 40,000 A/m, which is

mnany times the fields applied during the course of the

experiments,
é! Similarly, if one minimizes the energy of the aniso=

tropy and stress, the relation is:

This related stress is of the order 6} = 5,38x10° J/x7,

which is many times the limits imposed by this experiment,
Fronm the large values obtained for the equivalent field
and stress as they are related to the anisotropy energy,
it is assumed that this energy does not change a signi=-
ficant amount in the course of the experimental process,
and the anisotropy energy will be treated as a constant
for the purposes of this research,

There is anotner contribution to. the energy that is
not expressed in Zquation (1), This is an energy due to
the internal stresses within the naterial, Internal
stresses arise when the material is heated and cools un=-

evenly, wken it is bent or twisted, or when it is nachined,
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Eﬁ These are small, evenly distributed stresses inside the
E‘ bulk of the material, indenendent of any externally
b+, apylied stress, The internal stresses for our material

are characteristically on the order of 6x107 K/ma, wnica

is comparable to the stresses applied to the material
during the course of the experiments, This energy is
seen to have definite effects when the applied stress is
equal to or less than the internal stress,

Jow that these two quantities have been exauined,
the dominant stress effects on magnetism will te treated,

1

ReRe Eirss stated that the magnetization of ferromagnetic

materials due to stress devended on three effects:
1 Direct pressure on the domain walls; 2, Changes in the

opposition to domain wall novement; 3, Large scale changes

s aEr gey s ves

in domain structure. Zacn of these effects will now be

considered sevarately, ]

.hen stress is vlaced on a ferromagnetic material,
there is a consequent pressure that exerts itself directly
on the domain walls, causing them to move, This transla=
tion will result in a change in the magnetization of the
material, ,F, Erown2 examined the effects of this cirect
pressure and suggested that in relation to stress, there
were three distinct types of domain walls, In Figure 3,

three types of domain structures are illustrated,

..............................

---------
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FIGURT 3

Closure Domain Confiigurations

From the figure, one can see that the boundaries between
adjacent domains are either at a 90 or 180°angle with the
domain direction, Drown deduced, from the sina(q.') de=
pendence in the nagnetoelastic energy term of Zquation (1),
that tne 180" walls were not affected by stress, [urthermore,
ne stated that the 9d'walls are divided into two groups:
those that will move to enhance the field with tension
(90+7, and those that will move to oppose the field in
tension (90=), The contributions of these two tyves of
valls are reversed with the avpvlication of compression((90=)
walls increase the field with compression and (90+) walls
decrease the field witn compression). The contributions

of each of these wall types were plotted by Frown an a

nagnetization curve for a process whereby the sanple is

demagnetized, an external field is applied, and tension is

applied and removed, C,S. Schneider3 extended this pro=- i

cess to incluce the an»nlication of a compressior and re-

lease, Schneider's results are shown in figure L. . |
In this graph, wnich shows .the magnetization of the |

sainnle due to the applied field and stress, the individual

contrioutions of each type of stress=-effective wall are l

shown, TFirst, the sa.nle is magnetized by an exterral




field up to noint (4).

FIGURS 4
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Contribution of Stress-Active .alls
for Tension=-Compression Cycle

A tension is applied which gives rise to a stress-effective

field I where?
v X
4) ﬂc-—*’%%:;

Juring this vrocess, the (90+) walls continue to magnetize
the sample up to »oint 3+, where the (90=) walls decrease
the magnetization down to point =, The (90-) walls co
not retrace the original vath of nagnetization, but are
subject to a hysteresis, This was described by Kondorskyh,
and restated by Schneider in the forn:

5 %' (a1) = X (&2)

wnere X = di/dH, the differential susceptivility of the
material, This relation states that if a material is
magnetized with a field ¥, and subject to a decrease in
field a'l(such as that iumvosed by the movement of (90=-)
walls), the susceptibility will be that of the half-argusent
*.ouation (4), and all others are derived from Zquation (1)

in Appendix A, They are omitted here in the interest of
continujty.
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of the original field, 3%. This relation is derived in
Appendix T, This effect is only applicable to a reversal
of field, so the (90+) walls continue to increase tne
magnetization along the original line, Schneider continued
the process to the release of tension(points C+ and C- for
(90+) walls and (90-) walls respectively), application of
compression (2+, D=), and release of compression (T+, Ji=),
rondorsky's Law applies upon all effective field reversals,

From Zquation (1) the stress and field energy terus

2 = 2M5152(0,) - Tiincos (B
2y z:inixizing this energy, anrd apvlying the concitions for
transverse stress, one arrives at the relation: |

6) ¢ (transverse) = *%g::;
Couparison of iquation (4), which was derived for the uni-
axial stress=field condition employed by Schneider, and
Zquation (5), which is the relation derived for transverse
stress-field, reveals that they are equivalent except for
a sign reversal, The vnysical significance of this sign
change is that the effects of tension and comnression are
reversed for the two cases, A naterial subjected to trans-
verse stress will behave in tension tihe sane way the
naterial subjected to unia:zial stress will behave in con=
pression, Tuhls reversal arises from the angular denendence

of the avplication of stress and field seen in Zquation (1),

iquation (5) is the zoverning equation for the effect

| P Lt it TR PP S e ol e . 2 VDI WL SNy ST U S SN Sy k‘J
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of direct pressure on domain walls, It is seen to te a
linear effect with stress, This direct pressure effect
is only one of the three effects that stress has oﬁ a
naterial, The next one to be addressed is the variétions
in opposition to domain wall movement,

There are properties of a material, such as inclu=-
sions, impurities, internal stresses, and grain boundaries
which serve to hinder the novement of domain walls through
the nmaterial, They are obstacles against which donain
walls may be pinned, The configuration of these obstacles
is altered with the application of external stress, which
in turn alters their opposition to domain wall movement,
As a domain wall moves through an inclusion in the naterial,
it sets up small domain structures as shown in Figure ©%.

FIGURE 5
gt RO o> . R .
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- (a) ¥(b)
Domain ‘7all lovement
Through an Inclusion

(c)

A stress placed on the sanple will cause changes in tac
configuration of the spikes shown in Figure (5¢), and alter
the magnetization in the sauvle, Tnis opposition has been

suggested before by two French physicists, Llibvoutr;-, and

As a prelude to e:xanining the onposition to wall nove=
menty or reluctance as it is called, the susceptibility will

be considered, The suscentibility is the rate at which a




uaterial responds to a magnetizing force, <Ixpressed

mathematically tnis is:

L

t where A is the susceptibility, 1 is the magnetization of
.i the material, and g is the effective interior field in=-
:ﬁ‘ side the nmaterial, The effective interior field is smaller

523 than the externally applied field:

7) Hep = Hg = Dl
wnere lg is the applied field, D is the demagnetization

factor for the sanmple, and ! is the magnetization of the

sanple, Thus, the interior field is diminished inside
the sample by the demagnetizing field which 1is established
.inside the sample to oppose the applied field, This
denagnetizing field arises from the geometry of the
sanole and the establishment of magnetic poles at noints
of discontinuity,

For ferromagnetic materials, there are two contribu-
tions to the susceptibility:

8) X = Xt * Kivan
where X, is the total inherent susceptivility, Y is
that part of the susceptibility due to the rotation mechan-
ism, and Ke,1is the coznonent of the susceptibility due to
the translation uechanisn, rhe rotational part of the
susceptibility (X is very small in relation to the trans-
lational part, due to the large anisotropy energy discussegd
before, The total inherent susce»tibility in our material

is dominated by the translational component and nost of

...................................
___________




the magnetizatioﬁ that occurs is due to donain wall
sotion,
The reluctance, or om»nosition to the noveinent of comzain
walls is inversely related to the susceptibility, ard cen
be expressed as follows:

9) A =g+ D+ -ﬂfzm

o . i
where X~ is the reluctance,

JTRIRININ)

Y. is the total inherent susceptibility, D is the dexag- 1

netization factor, and the final tern is derived from the

magnetoelastic energy of the material(see Appencix A for

this derivation), Zquation (9) represents a linear equa-
tion in stress
X = A+ B(e)
where
10) A=+ 0D
is a constant involving properties of the naterial, and
1) 3= 2By
2%
is the slope of the line,
Zquation (9) is the governing equation for the effect

of the changes in the opposition to domain wall translation,

the stress=dependent reluctance, Two of the three effects

have been exanined in detail and have been shnown to be
simple, lirear relations with the application of external "
stress, The final parameter, the large scale alterations
to domain structure, will now be given attention,

The two effects described so far have been analyzed -

........................ RIS ET A Y o G TGP S I AL
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with the assunption that the general doumain structure re-
mains unchanged with the ap»lication of stress, In their
work involving stress=effective fields, voth Schneider and
Erown treated the amount of stress sensitive walls to bve
constant, Furthernore, they assumed that the population
of (90+) walls was equal to the population of the (90-)
walls, This nust by no means be the case, The reorien-
tation of domain walls due to stress will hnave an effect
on the magnetic behavior of the material, This effect was
suggested by R,R. Birss as large-scale changes in doimain
structure,

As stated before, the estavlishment of domains is due
to an energy balance between the magnetostatic energy and
the domain wall energy., If a great deal of energy is intro-
duced through the application of stress, the energy balance
will be altered and new douiain structure will result,

This redistrivbution of domains will give rise to two
changes that will affect the magnetization of the material,
First, there will be a change due to the change in total
domain wall area within the nmaterial, JSecond, as these
new domain walls move, they will sweep out different
voluies than the original walls did, <These two effects,
the wall area and the domain volume effects, will be
treated together as a single variation due to tiae change
in wall populations, This cumulative effect will be sym=
bolized in this paper by the variable (f), If the total

contrioution to the energy is normalized such that the

PRI Y



total population, (f), is unity, then this total popula-

tion is divided into the three distinct wall types listed
velow, _

1¢ (f+) = the fraction of the total population that
consists of (90+) walls, and increases the magnetization
with tension,

2, (f=) = the fraction of the total population that
consists of (90~) walls, and increases the magnetization
with conmpression,

3 (fo) = the fraction of the total population that
consists of (180) walls, and are not affected by stress,
The sunm of the fractions must add up to the total population,
which has been noriralized to unity, such that

12)  (£4) + (£=) + (£)) = (fy) = 1

Thus, the population factor, (f), accounts for the
large scale dounain changes by separating the contributions
of (90+), (90=), and (180) walls,

In review, three effects on the variation of magneti-
zation with stress have been examined, They are: the
linear stress-=effective field arising from direct onressure
on donain walls; the stress-sensitive reluctance, which
comes from the variation of the opposition to domain wall
motion; and the scaling of wall populations due to large
alterations in domain structure. These effects have Gteen
symbolized by Ye, XKes and (f) respectively., In a nathenatical
for:, taliing these factors into account, the nagnetiza-

tion change in a material can be expressed dy tne relation:

cabiahiaisiaiss
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13)  aii =j§ (£ )Xoy a0

wnere the summation is nade over the contributions of the

three different wall types,

Squation (13) describes the change in magnetization,
diy in terms of the three variables discussed, If these
three processes were to act simultaneously, it would be
very difficult to eixtract any information from tae data
taken due to the complexity of the curves, It was the
ainm of all experiments to subdue or control two of the
three parameters in order to study the third alone, 1In
the treatment that follows, it will be seen that quite con=-
plex changes can be interpreted as the sinultaneous effects

of some remarkably simple relationships,

..........................................
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SXIERIMEMTAL AT'PARATUS

The material used for the experiments was 3NiCr steel,
the same steel used in the construction of U.,S. Navy
ships hulls(an analysis of 3NiCr is given in Appendix C).
A hollow cylinder was machined from a solid sample of the
material. The dimensions of the cylindrical sample are given
in Figure (6)., There were two rows of holes drilled at each
end of the cylinder. ZEach row consisted of ten holes, spaced
equally around the walls of the cylinder and drilled radially
through the walls, The area of the sample between the two
outer rows of holes is referred to as the ‘'active' region,
as it was the portion of the sample that was magnetized during
the experiments.

Outside the active region, each end was reinforced and

threaded to accommodate : mounts to the stress-application mech-

anism, Stress was applied by means of an Instron automatic
stress machine., The Instron was capable of applying stress
at a controllable rate, and of maintaining the sample in a

fixed state of stress

k
:
L
“
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In order to measure the stress on the sample, a strain
gauge bridge was applied to the outer wall of the cylinder.
The voltage across the bridge was maintained precisely at a.
predetermined value which provided a readout where ten microvolts

corresponded. to one microstrain, The type of strain gauge used

was accurate for readings up to 1400 microstrains., The dim-
ensionless quantity of strain is related to stress by the following

& ejuation:

’. strain = 5% = §§%§§§

where E= Young's Modulus for 3NiCr steel,
A field was applied azimuthally around the walls of the
cylinder by means of a wire coil (H-coil) of 100 turns wound

between the two innermost holes on the sample(Figure 7).

There were ten turns wranped through each pair of holes to
provide a uniform distribution around the walls of the cylinder.
A current, controlled by an amplifier and function generator,
was sent through the H-coil which aprlied a field given in

Equation (14):

j‘H-dl = nIl (Ampere's Law)
H(2ar) = nI
' 2xr 2 TRy

where - is the applied field, n is the number of turns in the
il-coil, r is the radius of the cylinder, I is the current in the
coil, Rw is the resistance of the H-coil, and V4 is the voltage
across the coil, 3ecause of heating effects, the current in

the H~coil was limited to 1.4 amperes, which corresponds to a

maximum _applied field of 215C A/m. .re transverse relation=-

N
------------------------------------
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ship between stress and field is shown in Figure (7).

FIGURE 7« Stress-Field Relations~ic

,m,. —s L1
- S, ST
:’* E E_;z;ﬂ Béﬁl fii : : b:’
be—r-® =

Another coil of 100 turns was wound between the two
outer rows of holes. This coil (P-coil) was the pickup coil
which sensed the magnetic field induced in the sample.

The voltage across the B-coil was related to the mag-
netism by the following relation:

Vy = n(%%—) (Faraday's law)
where Vj is the voltage across the B-coil, n is the number
of turns in the B-coil, and ¢ is the magnetic flux through
the coil. The value for dé/dt was obtained by use of an

integrator with a time constant RC:

de _ AB
dt RC

where A is the area enclosed by the B-coil, and B is the
magnetism in the sample. Substituting this into the

above equation,

V' = ;‘ éB- or
15) B = RCV

o}
=

acd




The complete experimental apraratus is pictured in

;7 Tigure (8):
PIGUR® 8 - EXIERIMENTAL APPARATUS
N B-COIL

’

k= J=Y PLOTTER

B~ WECTION GENERATOR

0= MMPLITIER

D= PRECISION VOLTAGE SUPPLY

The closed circular geometry around the walls of the
cylinder was advantageous in that the demagnetization factor
for the sample was very small., The only contributions to
- the demagnetizing field arose from the establishment of small
magnetic poles at the holes through which the H-coil was
wound, plus some other higher order effects in the region

between the two rows of holes at each end, In addition to

. i
DF R T
P SRR el
PR

the small demagneting field, the closed geometry was 2 benefit

’,
3
e
-

in that any spurious fields from the surrounding environ-
ment did not affect the measurements; the only fields that
were measured were those controlled by the experimental

apparatus,

......................
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The apparatus proved to give excellent results except in

the region of very small stresses, In this region, there was
a stalling effect due to the backlash in the mounting of the
sample. There was also a deviation because of the initially
unbalanced aprlication of stress to the sample., This
imbalance came from machining variations in the construction
of threads in the mounts to the sample., These two effects
resulted in an uncertainty in the stress readout for small
stresses, which was removed for stresses greater than fifty
microstrains. This is the region where all the experiments

were conducted.,
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SrCTION III-
DATA AND AMALYSIS

Using the apparatus described in Section II, experiments
were devised to examine the three stress effects which deter-
mine the magnetization in the material. As was mentioned
before, the magnetization curves in which all three parameters
are acting simultaneously are difficult to interpret without an
understanding of how each effect behaves individually. 1In
order to obtain this understanding, experiments were construc-
ted that would suppress the contributions of two of the three
effects, so that the third could be closely examined, The

results of these experiments are presented here.

A,) Direct Pressure on Domain Walls

| KR
¥ Totem L T T e e

As has been explained in Section I, the application of

[
LR

external stresses puts vressure directly on domain walls,

ek i

el e TTRLEY

This pressure forces the walls to move, giving rise to a

change in magnetization., This change in magnetization is ﬂ

due to tne stress-effective field, symbolized by the character = ,
The stress-~effective field for 3NiCr was derived and
meagsured by C.S. Schneider in 1980, £ review of his work will
serve as the discussion for this effect,
The primary difference between Schneider's experiments
and mine is that his work involved uniaxial stress and field,
whereas this research investigates transverse stress and field.
Ln examination of the thermodynamics involved in the two cases

guickly reveals that for the stress-effective field, there is
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only one difference between uniaxial and transverse stress.

Jeuation (4) gives the stress-effective field to be:

Gy = 22
e A e

The derivation for the uniaxial case yields the same result,
with the exception of a sign reversal., This arises from the
anzular dependence of the magnetoelastic term in Zcuation (1).
This reversal was observed experimentally, juct as predicted,
Schneider conducted an experiment wnereby an 3NiCr sample
was put in a field H=79 A/m, and sixty-six microstrains in
tension and compression was aprlied, Two symmetric stress
cvcles, one beginning in tensicn and the other in compression,
wvere imposed, The ratios of the two halves of the cycles wer-

compared. A graph of this process is shown in Ficure (9):

FIGIRE 9

M(A/m)
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Schneider had determined, from a restatement of rondorsky's
law in the Rayleigh resion, that the ratio between the two

nalf-cycles (r) should be:

o Al {JL‘.‘#;.
-‘;';; 1 -, 4
where e = &4, The experimental value for the ratio was deter-

mined to be r = 1,60 & ,02, which lecad to the relation:

U o=1,09 éém(i) ( € = aprlied =ztrain)
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in excellent agrecrent with the derived value in Zouaticn (4)
when the avpropriate constants for 3NiCr are substituted.
In summary, the effective field was found by Schneider

to be an effect that is linear with stress, This linear relaticn

was discovered to be the same for transverse stress, with the
exception that the effects of tension and compression were
reversed, !iow that the stress-~effective field has been
examined, an analysis of the experiments that determined the

stress-sensitive reluctance will be given,

B.) Cpposition to Domain Wall Movement

The second effect that contributes to stress~induced
magnetization is the reluctance, X, and its variation due to
stress, The susceptibility, X, is the rate of change of mag-

netization with field,
M
Fetf

In order to measure the stress-sensitive susceptibility,

Q.

x:

Q.

the sample was prlaced in a fixed stressed state, The suscep-
tibility was measured by applying a field (H) to the sample in
this state, The stresses were varied and readings were taken
for each value of applied stress. Tigure (10) displays the
results of these measurements,

Curve C is the susceptibility for zero aprlied stress,
The peak occurs at Y =1520, ¥ =700 A/m, As the samrle was sub-
jected to compression, the peak susceptibility increased and
occurred at a slightly lower aprlied field. These reaks moved
gradually upward with increased compression until a strain of

500 microstrains was reached, where a 1limit occurred. o
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further increazse in the peak susceptibility was ohserved. for
stresses greater than 500 microstrains.in compression, This
linit is thousht to be due to a finite level of demagnetization,
inclusions, and other defects in the material which rrevent

the susceptibility from becoming any greater,

7IGRE 10 - Stress-Sensitive Susceptibility
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Tn tension(curves D=V) the maximum susceptibility was
sradually decreased, occurring at higher values of applied
field, o limiting value was seen in tension and the peaks
decreased smoothly.

The peak of each curve corresponding to the maximum
susceptibility occurs at the same effective field inside the

sample, Althourh the applied field mey vary, the effective field,
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given by Zquation (7), remains the same and is called the
coercive field, Zecause the effective field at the peaks is
constant, it is possible to graph the peak value of suscerti-

bility against the value of the stress corresponding to that

peak, This plot is shown in Figure (11):

FICTRES 11
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In this graph, one can see the limiting value of
susceptibility for stresses less than <500 microstrains, and
the smooth decrease through the zero stress point and for
applied tension,
/s was discussed in Section I, the stress-sensitive 4

susceptibility is related to the reluctance through the inverse
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proportionality given in Zouation (9). ihen a plot is made of
the reluctance against stress, a linear behavior results, ac
o~ shown in PFigure (12):
FICURA 12
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This graph shows a positive slope for tensile stresses and
an asymptotic value for compressive stresses, This limiting
reluctance is the same effect as the maximum values obtained
for the sugsceptibility in high compression, It is the lower
limit of reluctance for this particular material, where there
is no longer any contribution due to the stress-sensitive
reluctance,

tecording to Bauation (9), the slope for the linear

portion of the gravh, when the constants for 3NiCr are sub-

...................

............




stituted is 1.€61 = ,C6, A least-squares fit of the data
results in a slope of 1.55 £ ,05, in good agreement,

There is a deviation of the data from the linear behavicr
expected as the plot crosses through the origin. "his curvature,
which occurs in the region %300 microstrains, is due to a cont-
ribution of internal stresses to the stress-~ sensitive reluc-
tance, 2#s was mentioned in Section I, when the externallye=
aprlied stress is of the same magnitude as the internal stresses,
the internal stresses have an impact on the stress-sensitivity
of the material, At values of large externally applied stress
in tension or compression, the arplied stress dominates the
internal stresses, and the linear behavior is observed, In the
region between 300 microstrains, the internal stresses have the
effect wrereby the reluctance is seen to curve smoothly through
the zero stress point.,

The agreement between the derived value and the observed
slope suggests that the stress-sensitive reluctance is given
by Bauation (9)., The theoretical equation for X' does not
prredict the limit seen in the data., This asymptotic behavior
is interpreted as being independent of the stress-sensitive
contribution., 7“his is reasonable when one considers the
effect of inclusions and other obstacles on the free trans-
lation of domain walls through the material. The conclusion is
that the linear behavior is seen in tension only, and that any
variances under compression are due solely to the contribution
of internal stresses,

The final experiments were designed to examine the

population fractions (f) of the various types of siress-active

Lt e Te T e e YT ot L. . . . - . [ - - N
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walls,

C. large Scale Alterations in Domain Structure

It was necessary to measure the populations of stress-
active walls both in a corvressive stete and in a tensile
state. In order to do this, a field (H) was applied, and the
sample was subjected to 178 microstrains in tension, TFrom this
value of stress, small tension and compression cycles of fifty-
seven microstrains were applied to the sample, For the tension
cycles, the increase in magnetization is due to the (90+)
walls. For the compressive cycles, the magnetization is due
to the (90-~) walls., After reéording the magnetization due
to the tension cycles and the compression cycles, an ecuivalent
field (h) was aprlied to the sample. The magnitude of this
field was determined by Hquation (4). All domain walls in the
sample are field sensitive, so they will all contribute to
the magnetization of the sample when the field (n) is applied.

If one takes the ratio of the magnetization due to the ftension
cycle to that induced by the field, the ratio is equivalent

to (f+). Similarly, if one takes the ratio of the magnetization
induced by the compression cycles, the ratio will be (f=),

The tension and compression cycling was done for average strains
of 17% microstrains in tension and compression, and for
initially applied fields H = 258, 310, 362, and 414 A/m,

This experimental process is schematically illustrated

in Pigure (13),
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\ mathematical basis for this process, using Zquation (16),

Fat

is offered below:

(16) av = gfiﬁizzi)dHi

alln= Xs(E)n (fi= 1 for applied field)

ag= (F+ e (30 = (£-7Xe(O)h  (Xy=Xpee 0T

field reversals)
4= RKe(O)h

aip= (£-YKe(O)h = (£+YXe(O)h

80, W= ’x‘a_,,('i)h - X(0)h = ‘x«sﬁ(f{)h
and ep = [(£+ e ()0 = (£=YKe (0)1) + [(£-YXo(C)h = (£+)%e (0)n]
= (£+)Xr ()b (where he =h)

. , . al’ T+ X e (B0
taking the ratin of the two vrocesses: ZF:; ﬂx.r = h = ([+)
‘4 X« ‘-

“"he results of this exreriment are shown graphically
in Yigure (14).for each of the aprlied fields used, 1t wes
observed that the populations (f+) and (f-) were equal within
the ability to measure them, The readings taken a2t lower fields

(€310 ~/n) produced diffuse results since the induced magnet~
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' izations were near the detection limit., At higher fields, the
results became very reproducable, The measurements showed
an equality of (f+) and (f-) walls within two per-cent,
independent of the applied field, This surprising result simp-

lifies calculations considerably.

vsy
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h; Figure (15) shows a comparison of the data taken in the

E; compressive state and the tensile state, The comparison
stowed that the total stress-active population,(f+)+(f-),
was greater in tension than in compression,

i

- [(f+)+(f')] tension > [(f+)+(f')] compressicon
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At the value of compression and tension used, 178 micro-

strains, the ratio of stress-active walls between tension

and compression had reached a value of 1.56 #.,04, It is

believed that the ratio is a function of stress, since the

ratio must be unity in the case of zero applied stress.

In order to make a reasunable assumption as to the nature of

this function, Turther experimentation is recuired,

The inequality of stress-active walls between tension and

compression would lead one to predict a grcater increase

of stress-induced maznetization in tension than in compression,

o]
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low that an understanding has been gained ahbout the
three effects as they act separately, their simultaneous
' effects will be analyzed. A graph of stress-induced mag-
netization is given in Figure (16).
FIGRE 16
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This figure is the cumulative display of four processes,
3efore stress was applied in each case, a field of 80 A/m
was applied to magnetize the sample to point A, In the first
process (curve 1), tension was arplied continuously from
zero to 1400 microstrains and back to zero, Curve 2

represents the application of tension again, however the

-
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stress was cycled at 500 and 1000 microstrains, The third
process was the continuous application of compression from
zero to =1400 microstrains and back to zero. The fourth
curve is the cycling of compression at -500 and -1000
micrestrains. The sample was demagnetized between each
of the four processes.

Certain characteristics of the grarh have already
been predicted from the effects already examined, There is
a definite asymmetry in the application of.tension and
compression, with greater magnetization being seen in
tension than for the equivalent value of compressive stress,
This is due to the greater population of stress-active walls
in tension., If the ratio of the slopes at +187 microstrains
and -187 microstrains is taken, tre value obtained is
1.61 & .04, which agrees with the ratio of stress-active

walls observed at that point, in the last section of

data analysis. At higher values of stress, the simplicity
seen in the lower stress values is destroyed due to
multiple nonlinearities from other contributions.

It can be seen that for the stress-cycling, there is
very little increase in the magnetization, This is especially
notable in compression, where there is greater stabilit.,
This could be expected due to the equality of (f+) and (f=)
walls, During the cycles, both walls are bhehaving according
to Yondorsky's Law and are increa.ing the magnetization
at the same rate, but in opposite directions, The zum of

the ecual but opposite effects is zero net.magnetization,
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There is some increase seen in tension for the first cycle,
This is due to creeping, which is the gradual increase

of magnetization due to cycling of stresses., The effect
is more visible in tension than compression because of the
greater population of stress active walls.

This ineguality causes the magnetic behavior in tension
to be 'amplified' in comparison to the compressive side of
the graph, The change in the concavity of the magneti-
zation curve is much more apparent in tension, and occurs
at a lower value of stress than for compression., This
is called the Villari reversal, which is due to the changing
magnetostriction of iron., Iron will expand when a low
magnetic field is applied to the material, but begins to
contract in higher fields. This will result in a change of
the sign of the magnetostriction constant,l,, and a
subsequent reversal of the effects of stress on the material,
This reversal is accounted for in the stress-effective
field equation (Rouation (5)) and in the stress-sensitive
reluctance (Equation (9)), both of which depend on the
magnetostriction constant,

“xtremely nonlinear effects are seen in high tension.
These arise from the simultaneous contributions of the three
effects., At this stage, it is not possible to cualita-
tively evaluate these portions of the curve,

From the analysis up to this point, a very good
understanding of the effects of stress on magnetization

has been reached, 7The three separate effect of stress have
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been identified and measured. The values derived from

Equation (1) agree with the experimentally observed values,
which indicates that this approach is fundamentally correct.
The next step towards a complete understanding involves
generating a magnetization curve from the relationships

that have been evaluated in this research. This would
require that a function for each of the three effects be
programmed into a computer, and curves of the type seen in
Figure (16) being produced from different inputs to this
program. The inputs would include parameters such as the
applied field, applied stress, and a "magnetic history"

of the material.
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ATTHIDIX A

DEIRIVATICH CF INICRTANT ECUATICIS

For the purposes of this paper, Fauation (1) is the
starting point of all derivations., Fairs of energy con-
tributions are considered and the energy of the two
terms is minimized, This method was suggested by

R. M, Bozorth7.

Equation (2): :‘; 22k $in B, €05 O BC0320,, + HM, 4o 511 Bpuy 2O

for potycrystalline malerial, the anqular dependences are averoqed 1sotropically
(for solid on-‘les)‘-

2k = HM, 4, (4)

or: H ‘ng sl2 k
® "’OHQZ*..‘ ZI'QMQ

Equation (3) 5_5-_01_._;3 -2k $in0,, €030, Cos 20, * I 0058y $in 86y * O
20

aqain, afier averaging for the solid angles:

NG . 2k .tk
R B bl Y

¥quation (6): %": =3A,5¢0s6,,5n6,,, * HM, 46 cos Onu «0

this follows from Op¢ '(9..."‘0) for transverse sheess-fiald.

$18 Opae 5 $in (One +90) 2 05Oy, - then subshivie nlo Equation (1)
and diffecentiate 4o qc’t the <latement above.

HM 4o s23 M0

He (transverse) = "‘% %\‘.sﬁ
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Jquation (4): “he derivation is essentially the same as that
for Joguation (6), except that Oue = BGig
which results in a sign reversal,

. . . o€, . :
Lauation (9): To_u\-m,,q.me...- Q!‘_z::_lb $inB0ue* 0

for oor sample, Opy : - O, , S0 ofter cancallation:
et

" the sample,
M= My 0osOun =Ms ofjer so\id-an,lc chre,im,.

'X.= %.‘ ‘ls "1. 3D

feom Equation (6): ‘
He ® *iaﬁ end frem above: M"?

» -'1 "" 'x.‘ s ?_A'_‘
'x“ H'. ?A’i' or ] Mﬁ‘ﬂ.
and for the tetal celvctance , X', one adds these fwo valves wilh The

inherent reluctanee X | o qet X . D+ 3N
Xia Ms“fo

All other equations are self-explanatory, or, in the
case of Equation (16), it.is proposed as a possible solution
based upon the theoretical arguments presented in the text.
This aprendix should provide all proofs that are not
obvious at first glance. They are set arart from the text

in the hope of allowing smoother reading,

[
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ATTTNIDIX B-
SCHI'EIDER'S RESTATENENT CF KECUDCRSKY'S LAY IN TERMS CF

THE DIRFLRENTIAL SUSCEXTIBILITY

Kondorsky's Iaw in the Rayleigh region states:
M(H,aH) = M(H) - 2M(8%) (aE42H) |
where 1 is the magnetization of the material, H is an
applied field, and aH is a small reversal of the field,
C. S. Schneider observed that since
A = %% or
M o= deH
[

that the magnetization®due to %'field reversal could be expressed
M(aH) = 2[‘X(H')dH'

With a change of variables, this may be written:
M(aH) =[‘x<g>dn

This relation implies that

XaloH) =X(%5) (aFe2E)

.............
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ALIENDIX C-
ANALYSIS CF 3NiCr STERL

Composition:
Fe- 94.25%
Ni- 2.94%
Cr- 1.62%
Mo- 0.48%
¥n- 0,30%
C = 0.14%
Al- 0,038%
S - 0.018%
P - 0.010%
Impurities- 0,204%

HY-80 Steel is austenitized at 1600 F for 72 minutes,

water quenched, and tempered at 1290 F for 70 minutes.

Magnetic Constants:

Saturation Magnetization~ 20,000 Gauss

Residual Magnetization from Saturation- 13,000 Gauss
Coercive Force- 650 A/m

Maximum Permeability- 910

Saturation Magnetostriction- 7.75 + .04 microstrains
Anisotropy Constant- 4300 J/m3

..............
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AITENDIX D-
INDEX CF SYMBCIS USED

A= area enclosed by the B-coils on fhe cylindrical sample,
B- symbol for magnetization in the sample,

B-coil= coil of 100 turns on the sample which sensed the 1
change in magnetization in the sample.

U= the demagnetizing constant resulting from the finite
geometry of the sample.

E= Young's Modulus for the material.

(f+)- fractional population of (90+) walls,

(f-)- fractional population of (90-) walls,

(fo)- fractional population of (180) walls.

(fy )= total fractional population, normalized to unity.
Hg~ applied external magnetic field.

Heg¢= internal field seen by the material,

He~ stress-effective field. 4
k= anisotropy constant.for the material

M= magnetization density in the sample ?
Mg - saturation magnetization density, ﬁ

r- mean effective radius of the cylindrical sample.

Ledonddh

Re¢= resistance of the B=~-coil,
Ry - resistance of the H-coil.
Vp = voltage across the B=-coil, %
Vy - voltage across the E-coil.

@ - strain, a dimensionless ocuantity ‘1/1 (fractional charge
in length).

Ao~ 4w x 107 N/A%
A‘- saturation magnetostriction, the total fractional change 1

in length when M=M ,




A~ susceptibility (dM/d4).

A~ inherent susceptibility for the material.

'x,“- part of X, due to rotation inside the domains,
‘xh-' part of %, due to translation of domain walls,
Xe - stress-sensitive.susceptibility.

X" - reluctance.

¢ - stress

& - removal of stress

...................................
........................................
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